During early neurogenesis, retinal neuronal cells display a conserved differentiation program in vertebrates. Previous studies established that nitric oxide (NO) and cGMP accumulation regulate essential events in retinal physiology. Here we used pharmacological and genetic loss-of-function to investigate the effects of NO and its downstream signaling pathway in the survival of developing avian retinal neurons in vitro and in vivo. Six-day-old (E6) chick retinal cells displayed increased calcium influx and produced higher amounts of NO when compared with E8 cells. L-arginine (substrate for NO biosynthesis) and S-nitroso-N-acetyl-D,L-penicillamine (SNAP; a nitrosothiol NO donor) promoted extensive cell death in E6 retinas, whereas in E8 both substances decreased apoptosis. The effect of NO at both periods was mediated by soluble guanylyl cyclase (sGC) and cGMP-dependent kinase (cGK) activation. In addition, shRNA-mediated cGKII knockdown prevented NO-induced cell death (E6) and cell survival (E8). This, NO-induced cell death or cell survival was not correlated with an early inhibition of retinal cell proliferation. E6 cells also responded differentially from E8 neurons regarding cyclic AMP-responsive element-binding protein (CREB) activation in the retina in vivo. NO strongly decreased nuclear phospho-CREB staining in E6 but it robustly enhanced CREB phosphorylation in the nuclei of E8 neurons, an effect that was completely abrogated by cGKII shRNAs at both embryonic stages. The ability of NO in regulating CREB differentially during retinal development relied on the capacity of cGKII in decreasing (E6) or increasing (E8) nuclear AKT (V-Akt murine thymoma viral oncogene) activation. Accordingly, inhibiting AKT prevented both cGKII shRNA-mediated CREB upregulation in E6 and SNAP-induced CREB activation in E8. Furthermore, shRNAmediated in vivo cGKII or in vitro CREB1 knockdown confirmed that NO/cGKII dualistically regulated the downstream CREB1 pathway and caspase activation in the chick retina to modulate neuronal viability. These data demonstrate that NO-mediated cGKII signaling may function to control the viability of neuronal cells during early retinal development via AKT/CREB1 activity. Cell Death and Differentiation (2014) 21, 915-928; doi:10.1038/cdd.2014.11; published online 14 February 2014
The retina is part of the central nervous system (CNS) because of its derivation from the anterior neural tube. Mature retinal tissue is arranged in a laminar structure composed of seven major classes of cells: ganglion, horizontal, amacrine, bipolar, cone and rod photoreceptors and the Mü ller glia. 1 Early retinal tissue is a pseudo-stratified epithelium in which mitotically active neuronal precursor cells are found. Another noteworthy characteristic of vertebrate retinogenesis is the well-established chronology of cell-type generation, with ganglion cells generally being the first cells to be born and the Mü ller glia and bipolar neurons usually the last. Nevertheless, the differentiation periods of different cell types most frequently correlate and overlap with one another during both embryonic and postnatal periods. 2 The gaseous signaling molecule nitric oxide (NO) is produced from the amino-acid L-arginine in a reaction catalyzed by the enzyme NO synthase (NOS). The reaction requires molecular oxygen, which produces NO and L-citrulline concomitantly. 3 NO can mediate its effects basically by two mechanisms: first, the classical activation of soluble guanylyl cyclase (sGC) and cGMP-dependent kinases (cGKs), known as the NO/sGC/cGK pathway 4, 5 ; second, NO can covalently attach to cysteine residues within the amino-acid sequence of specific proteins, a mechanism known as S-nitrosylation. 6, 7 The involvement of NO and its related downstream signaling pathways have been previously demonstrated to control various CNS functions, including neural proliferation, survival and differentiation. [8] [9] [10] We have previously demonstrated an anti-proliferative role for NO in the retina, 11 and also a neuroprotective effect upon cultured retinal neurons. 12 Moreover, there is a high-affinity transport system for L-arginine in cultured retinal neurons and an abundant expression of neuronal NOS (nNOS) in these cells. 13 In such cultures, endogenous and exogenous NO modulate NF-kB activation and ascorbate transport through the canonical NO pathway. 14 In addition, excitatory retinal cell death induced by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors is regulated by nNOS activation. 15 Therefore, NO regulates diverse signaling events in the retina.
Prominent roles of cGKs in mediating the actions of NO/ cGMP system in different tissues have been upheld mainly using cGKI and cGKII knockout mice. 16 For instance, cGKI or cGKII display pivotal roles in the cardiovascular system. 17 Vascular smooth muscle tonus is regulated by an interaction between cGKIa and myosin phosphatase in the contraction apparatus of smooth muscle cells. 18 Moreover, cGKI and cGKII are expressed in the CNS and regulate important neuronal functions. In hippocampal neurons, cGKI has been implicated in activity-dependent presynaptic potentiation 19 and cGKII regulates AMPA receptors trafficking at the postsynaptic neuron. 20 Pre-and postsynaptic actions of cGKs may involve a parallel activation of the small GTPase RhoA in the regulation of actin cytoskeleton, which contributes to synaptic strengthening in hippocampal neurons. 21 In the developing retina, cGKs have been associated with Src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (Src)-induced neuronal apoptosis, 15 ascorbate transport 14 and cGKII, specifically, regulates V-Akt murine thymoma viral oncogene (AKT)/PKB activation. 22 In addition, cyclic AMPresponsive element-binding protein (CREB) phosphorylation in retinal cells is dependent on a cGK-mediated extracellular regulated kinase (ERK) activation, which directly correlates glutamate and NO pathway to nuclear CREB activity in the retina. 23 Therefore, NO-mediated cGK activation also regulates physiological events in developing retinal cells.
CREB transcription factor belongs to the bZIP family of transcriptional regulators and has been associated with neuronal development. 24 A critical serine residue within CREB KID domain (Ser133) controls its transcriptional activity via a calcium-dependent mechanism in neurons. 25 CREB balances survival and death decisions in developing neuronal populations and its activity directly impacts on transcription of pro-survival genes such as B-cell CLL/lymphoma 2 (bcl-2) and brain-derived neurotrophic factor (bdnf). 26 In retinal neurons, CREB phosphorylation was proposed as a mechanism for the neuroprotective actions of adenosine 27 and fibroblast growth factor (FGF). 28 Moreover, in cortical neurons, NO regulates CREB-dependent transcription by increasing CREB-DNA binding in CREB-responsive promoters. 29 In the present work, we studied the modulatory effects of NO in the survival of developing chick retinal neurons in vitro and in vivo. We demonstrate that NO, through sGC and cGKII, differentially regulates the survival of retinal neurons, depending on the developmental period. As such, we propose that NO-induced neuronal cell death or survival was highly associated with the capacity of the NO/cGKII pathway either to downregulate or upregulate nuclear CREB1 activation in the retina.
Results
Considering the capacity of microenvironmental molecules to modulate/determine retinal neuronal cells development, and taking into account the neuromodulatory role played by NO in our culture system, 11, 14, 15, 23 we tested whether prolonged NO treatment of cultured neurons would modulate the viability of those cells. S-nitroso-N-acetyl-D,L-penicillamine (SNAP; NO donor) effect was only detected when it was added 2 h after seeding E6 and E8 neurons, designed here as E6C0 or E8C0 (Figure 1 ). E6 cultures treated with SNAP in C0 (day of culturing) and observed in C4 (96 h after culturing) showed an extensive reduction in the number of viable neurons ( Figures  1a and b) , however, SNAP had no significant effect when added in C1 (24 h after culturing) in E6 cultures ( À 0.3 ± 0.6%; data not shown). In E8 neuronal cultures, it was established that prolonged NO treatment had a neuroprotective effect in response to cytotoxic challenges. 12, 30 For this reason, we compared the effects of SNAP in E8 purified neuronal cultures at C0 (Figure 1c) . In contrast to E6 purified cultures, 4-day treatment with SNAP in E8 cultures increased the number of viable neurons. In order to characterize better the possible neurotoxic effect of NO in E6C0-C4 period, we used an exclusion assay with acridine orange (AO) and ethidium bromide (EB) to detect pyknotic cells. This protocol allowed us to confirm the reduction in the number of cells induced by SNAP in purified E6 cultures ( Figure 1d upper panels and Figure 1e ). Note that few cells were labeled with AO, and that increased condensed nuclei could be visualized in SNAPtreated cultures. Conversely, in E8C0-C4 (Figure 1d bottom panels and Figure 1f ), pyknosis decreased when purified cultures were treated with SNAP. It is well known that glial cells are key factors in neuronal physiology, including in the retina. Hence, to evaluate the potential role of glial cells in modulating NO-dependent cell death or survival, we directly measured apoptosis in mixed retinal cultures. This mixed culture paradigm differs from purified neuronal cultures by the presence of Mü ller glial cells in a proportion of 15-20 to 80-85% neurons.
14 Regardless Mü ller cells presence, in E6 mixed cultures, apoptotic cells (terminal deoxynucleotidyl transferase dUTP nick end labeling þ , TUNEL þ ) increased in SNAP-treated conditions (Figure 1g ), whereas the number of apoptotic cells decreased in SNAP-treated E8 mixed cultures (H), supporting the notion that NO directly regulates neuronal viability without the direct contribution of Mü ller cells. To validate our in vitro findings physiologically, we performed experiments in vivo, injecting SNAP in ovo. Interestingly, injection of SNAP in E6 embryos increased apoptotic labeling in the retina after 3 days (E9) (Figure 1i ), whereas the same treatment reduced TUNEL þ cells in the retinas of embryos injected at E8 and analyzed at E11 (Figure 1j ). Collectively, these findings suggest that NO regulates the in vivo viability of retinal neurons in a development-dependent manner.
We next evaluated the cellular population responsive to NO in E6 and E8 purified cultures. We used the criteria first adopted by Adler and Hatlee 31 to discriminate between cone photoreceptors and multipolar neurons (MNs) in our culture paradigm. In this case, in chick retinal cultures, cone photoreceptors are very distinctive from MNs because of their characteristic lipid droplets, which make them easily distinguishable from MNs in culture (Figure 1k ). Moreover, SNAP administration decreased the number of both photoreceptors and MNs in E6 cultures (Figure 1l ). Significantly, SNAP only increased the viability of MNs in E8 cultures (Figure 1m ). Therefore, in E6 cultures both photoreceptors and MNs are susceptible to SNAP-mediated cytotoxicity, whereas NO increases the survival of MNs in E8 cultures.
Next, the role of endogenous NO and constitutive activation of nNOS in regulating neuronal survival in E6 and E8 cultures was evaluated. Endogenous NO production was stimulated using L-arginine and constitutive nNOS activity was impaired using N o -nitro-L-arginine methyl ester hydrochloride (L-NAME; a broad NOS inhibitor). Control experiments confirmed the expected increase in endogenous NO generation when cultures were incubated with L-arginine, whereas L-NAME treatment significantly decreased basal NO production in E6 and E8 purified cultures (Figures 2a and b, respectively) . Furthermore, in E8 cultures, L-arginine treatment has already been described to increase endogenous NO production in an nNOS-dependent manner. 14, 22 Interestingly, L-arginine administration promoted robust dose-dependent neuronal death in E6 purified cultures (Figure 2c ) but it increased the viability of cultured E8 neurons (Figure 2e ). Similarly, inhibiting basal NOS activity with L-NAME increased the viability of E6 neurons ( Figure 2d ) and promoted neuronal death in cultured E8 neurons (Figure 2f ). To compare basal nNOS activity and endogenous NO production between E6 and E8, we measured calcium influx in cultured E6 and E8 neurons and direct NO production by 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM-DA) fluorescence in vivo. Radiolabeled calcium uptake was significantly higher in E6 cultured cells than in E8 neurons (Figure 2g ). Moreover, endogenous NO production in E6 was also higher in relation to E8 retinas, as measured by DAF labeling (Figure 2h ). These data suggest that a high calcium dynamics in E6 retinal neurons is probably related with the increased NO production in E6 relative to E8 retinas. To correlate the concentration of NO with neuronal death or survival, dose-response curves of SNAP were performed in E6 and E8 mixed cultures. In E6, SNAP was neurotoxic even in concentrations as low as 10 mM (Figure 2i , open circles), which supports the notion that NO in E6 may trigger a cell death pathway. However, in E8, SNAP displayed a biphasic cell survival curve, with concentrations up to 100 mM being neuroprotective and doses above 100 mM being neurotoxic (Figure 2i , black circles), suggesting that NO amounts are directly involved in promoting the dual effect observed in E6 and E8 cultures. Similar results were previously observed in E8 purified retinal neuronal cultures. 12 To further validate this premise, another NO donor (Deta NONOate) was used. Indeed, low NONOate concentration also promoted extensive cell death in E6 mixed cultures (Figure 2j ), while it significantly decreased cell death in E8 (Figure 2k) .
The classic intracellular pathway activated by NO was previously shown to depend on sGC activation, rise in intracellular cGMP levels and cGK modulation. 32, 33 Consequently, we verified whether NO-induced neuronal cell damage or survival occurred through this pathway. Pharmacological activators of the canonical NO pathway such as 8Br-cGMP and Zaprinast (a cGMP phosphodiesterase inhibitor) or the sGC activator YC-1 promoted massive neuronal cell loss in E6 ( Figure 3a ) and increased neuronal survival in E8 cultures ( Figure 3c ). In addition, SNAP-induced cell death (Figure 3b ) or survival ( Figure 3d ) was abrogated by 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ; a sGC inhibitor) or KT5823 (a cGK blocker). However, the thiol dithiothreitol (DTT), which blocks nitroxyl (NO À )-mediated cysteine modification (S-nitrosylation) but not NO (NO.)-dependent sGC activation, [34] [35] [36] did not protect cultured cells from SNAP cytotoxic stimulus (59.5 ± 9.5%, N ¼ 3, one-way analysis of variance (ANOVA)) in E6 purified retinal cultures, which argues against an S-nitrosylation-dependent mechanism for NO to increase death of E6 neurons. To corroborate our pharmacological data further, we used a lentiviralmediated shRNA delivery system to knockdown cGKII specifically in retinal mixed cultures ( Figure 3e ) and evaluated SNAP-induced cell death or survival by using ethidium homodimer-1 (EthD1) labeling (Figure 3f ) or 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figures 3g and h ). By these means, SNAP-induced neuronal death (E6; Figure 3f upper panels and 3g) or survival (E8; Figure 3f bottom panels and 3h) was completely abrogated in cells in which cGKII expression was knocked down. These data suggest that NO activates cGKII to selectively and dualistically regulate the viability of developing retinal neurons.
We next evaluated the kinetics of the NO effect during in vitro development of E6 and E8 neurons. Cell survival data ( Figure 4a ) in purified cultures revealed that SNAP was toxic following prolonged in vitro incubation of E6 cultures. SNAP started to promote neurotoxicity in these cultures only after 96 h of administration ( Figure 4a ). Accordingly, the neuroprotective effect of SNAP in purified E8 cultures could only be observed after long-term incubation (Figure 4b ). In order to establish a link between NO-induced cell death/survival and modulation of neuronal cell proliferation, we applied [ The transcription factor CREB is primarily known for its neuroprotective role in neuronal cells. 29, [37] [38] [39] We therefore addressed the role of NO in modulating CREB Ser133 phosphorylation (an index of CREB activation) in E6 and E8. The ontogeny curve of CREB in the developing retina indicated that CREB expression peaks in E6 and E14 ( Figure 5a ). Furthermore, CREB expression is higher in E6 than in E8 retina (Figure 5a ), suggesting that CREB may be involved in controlling neuronal viability differentially in E6 and E8. Treatment of E6 mixed cultures with SNAP or YC-1 (a potent activator of sGC; Figure 5b , black bars) reduced phospho-CREB levels. Figure 5b (dashed bars) also shows that in E8 cultures, on the other hand, incubation with these compounds increased CREB phosphorylation. Significantly, as observed for NO-induced cell death, YC-1 or SNAP-induced phospho-CREB decrease in E6 cultures was blocked by KT5823, a cGK inhibitor (Figure 5c ). In addition, in E8 cultures, the YC-1 or SNAP-induced phospho-CREB increase was also prevented by KT5823 (Figure 5d ). The capacity of SNAP to induce phosphorylation of CREB in the retina in vivo was also evaluated. Interestingly, SNAP (injected at E6) downregulated CREB phosphorylation in E9 retinas, whereas it upregulated phospho-CREB in E11 retinas when injected at E8 (Figures 5e and f, respectively).
We next focused in the specific role played by cGKII in NOregulated CREB function. Double-labeling immunocytochemistry demonstrated that cGKII and CREB were colocalized Figure 2 Endogenous NOS activity and NO production regulate the survival of cultured retinal neurons. Endogenous NO production in cultured retinal neurons was regulated using L-arginine (L-Arg) and L-NAME and monitored by DAF-FM-DA labeling (a, E6 and b, E8). Calibration bar in a and b ¼ 10 mm, E6 (c and d) or E8 (e and f) cells were treated with L-arginine or L-NAME in C0, cultured up to C4, fixed and counted. Neuronal survival in (c-f) was evaluated by counting viable neurons in purified cultures. (error bars). **Po0.01, ***Po0.001 in relation to control, one-way ANOVA. In g, E6 or E8 purified cultures were pulsed in C1 with radiolabeled calcium for 2 min. Cells were lysed and the homogenates were processed for liquid scintillation. In h, E6 or E8 retinas were incubated with DAF-FM-DA (5 mM) in HBSS for 30 min. Retinas were washed, flat-mounted and visualized in a confocal microscope. Calibration bars ¼ 50 mm. Histograms display the pixel count versus pixel intensity in E6 or E8 retinas labeled with DAF-FM-DA. (i) Dose-response curve of SNAP in E6 and E8 mixed cultures. Cell death was evaluated by EthD1 labeling. EC 50 for SNAP in E6 ¼ 68.4 mM. EC 50 for SNAP in E8 ¼ 148.2 mM. Total EthD1-positive cells in (i): CT E6 ¼ 1456 cells, n ¼ 3. In j and k, DETA NONOate also regulates neuronal survival differentially. E6 (j) or E8 (k) mixed culture was treated with DETA NONOate (500 nM). EthD1 measured cell death. EthD1-positive cells: CT E6 ¼ 237, n ¼ 3; CT E8 ¼ 156, n ¼ 3. Data represent the mean ± S.E.M. (error bars). *Po0.05 relative to CT in j and k, t-test in cultured neurons (Figure 6a .1) and in vivo (Figure 6a .2) in E6 and E8. We next used a quantitative confocal analysis to study the role of the NO/cGKII pathway in regulating phospho-CREB within the nucleus. Confocal data showed that SNAP decreased (E6; Figure 6b ) or increased (E8; Figure 6c ) phospho-CREB/DAPI colocalization in puncta in pLKO cells (control). However, in E6 and E8 cultures in which cGKII was knocked down, the SNAP effect in regulating CREB phosphorylation within the nuclei was completely prevented (Figures 6b and c) . This demonstrates that cGKII regulates phospho-CREB clustering in the nucleus of retinal neurons. In addition, we injected lentiviruses coding for cGKII shRNAs in ovo and the resulting in vivo cGKII knockdown (Figure 6d ) completely abrogated phospho-CREB downregulation (E6-E9; Figure 6e , upper panels) or upregulation (E8-E11; Figure 6e , bottom panels) induced by SNAP. Interestingly, NO effect in regulating phospho-CREB varied among retinal layers in E6-E9 and E8-E11. In E6-E9, SNAP regulated phospho-CREB staining via cGKII in the photoreceptor layer (ONL; Figure 6f ) and in the inner nuclear layer (INL; Figure 6g ) but not in the ganglion cell layer (GCL; Figure 6h ). In E8-E11, NO/cGKII effect in increasing phospho-CREB was restricted to the INL (Figure 6j ) and GCL (Figure 6k ) with no effect in the ONL (Figure 6i ).
The extent of cleaved caspase-3 in conditions where cGKII knockdown was performed in the retina was also measured (Figure 6l ). Remarkably, in E6-E9 retinas, SNAP increased cleaved caspase-3 labeling in control conditions (pLKO), while this effect was abrogated in retinas where cGKII was knocked down (Figure 6l, upper panels) . On the other hand, in E8-E11 retinas, SNAP injections decreased cleaved caspase-3 immunolabeling significantly and cGKII knockdown prevented SNAP effect in decreasing cleaved caspase-3 staining (Figure 6l , bottom panels).
The protein kinase AKT is directly involved in neuronal survival. 40 Moreover, it has been demonstrated that AKT may [41] [42] [43] In different neuronal paradigms, AKT-dependent survival may rely on downstream CREB activity in the nucleus. 44, 45 Furthermore, it has been reported that NO regulates AKT activation and nuclear translocation via cGKII in retinal neurons. 22 We then decided to evaluate the role played by AKT in CREB phosphorylation regulated by cGKII in the nuclei. Knocking down cGKII with shRNAs was sufficient to increase nuclear phospho-AKT accumulation in E6 markedly (Figure 7a) . Conversely, cGKII shRNAs reduced nuclear phospho-AKT levels in E8 significantly (Figure 7b) . Interestingly, in ovo injections of SNAP reduced phospho-AKT nuclear staining in E6-E9 period, an effect abrogated by knocking down cGKII in vivo (Figure 7c, left panels) . On the other hand, SNAP administration enhanced nuclear phospho-AKT levels in E8-E11 period and cGKII shRNAs also prevented this effect in vivo (Figure 7c, right panels) . These data suggest that the NO/cGKII system regulates nuclear AKT activity in a development-regulated manner. Next, the impact of nuclear AKT on the regulation of cGKII-mediated CREB phosphorylation and neuronal survival was assessed in E6 or E8 neurons. Interestingly, cGKII shRNA robustly increased both nuclear phospho-CREB levels ( Figure 7d ) and cell survival (Figure 7f ) when compared with control (pLKO) conditions in E6 cultures. Noteworthy, inhibiting AKT with triciribine completely blocked the effect of cGKII shRNA in E6 (Figures 7d and f) . Besides, SNAP-mediated nuclear phospho-CREB increase (Figure 7e ) or neuronal survival (Figure 7g ) in E8 was also dependent on AKT activity since triciribine blocked both effects (Figures 7e and g ). Collectively, these data may indicate that NO/cGKII reduce (E6) or enhance (E8) nuclear AKT activity to regulate CREBdependent neuronal survival in the developing retina.
To further confirm the involvement of CREB in neuronal death or survival regulated by NO/cGKII, shRNAs were used to knockdown CREB1 expression in E6 or E8 retinal cultures (Figures 7h and i) . Knocking down CREB1 in E6 or E8 was sufficient to increase cell death robustly (Figures 7j and m) . Moreover, as cell death was already high in E6 cultures knocked down for CREB1, SNAP could no longer increase neuronal death in such conditions (Figures 7k and l) . However, CREB1 shRNA completely abrogated SNAPmediated neuronal survival in E8 cultures (Figures 7n and o) . We therefore suggest that CREB1 is a downstream target of the NO pathway to modulate retinal cell viability in E8 and to promote a caspase-dependent apoptotic cell death in E6 retinal neurons.
Discussion
In this study, we present evidence that NO, derived either from SNAP or from the nNOS substrate L-arginine, acts through sGC and cGKII to promote retinal neuronal death at E6 and to increase neuronal survival at E8. NO activated the transcription factor CREB in E8 neurons, whereas in E6 neurons it downregulated CREB activity in a cGKII/AKT-dependent manner. E6 neurons displayed increased calcium influx, nNOS activation and produced higher amounts of NO as Figure 4 Long-term SNAP treatment regulates the survival of retinal neurons. In a and b, NO-controlled neuronal death or survival is a long-term event. E6 (a) or E8 (b) purified cultures were treated in C0 with SNAP. Next, cultures were fixed and cell counting was performed in C1 (24 h after seeding), C2 (48 h after seeding), C3 (72 h after seeding) and C4 (96 h after seeding). In c and d, NO-mediated neuronal death or survival is independent of cell cycle arrest. E6 or E8 cells were treated with 100 mM SNAP, 5 mM ODQ or 50 mM DTT in C0, then cultures were pulsed with [ compared with E8 neurons. Therefore, these observations suggest that in E6 retinas, high NO levels repress the production of survival factors directly controlled by CREB1 (Figure 7p ), whereas at E8, low/moderate NO increases CREB1-mediated transcription of neuroprotective genes, implying that in early retinal development, concatenated NO-cGKII-AKT-CREB1 signaling orchestrate a fine-tuned development of retinal neurons.
In E6, both cone photoreceptors and MNs were highly susceptible to NO given that low or high concentration of SNAP increased neuronal loss significantly. On the contrary, MNs were responsive to SNAP-induced cell survival in E8, whereas cone photoreceptors were not.
Since in E6 cultures there is a high proportion of cone photoreceptors in relation to MNs, 31 one could regard that only cone photoreceptors would be responsive to SNAP in E6, but this is not the case. Interestingly, in E8 cultures, MNs are more numerous than photoreceptors, and SNAP does not regulate the size of cone photoreceptor population but only MNs survival. These data suggest that cone photoreceptors are not exclusively susceptible to NO cytotoxic effects in E6 cultures, but in E8 NO exclusively protects MNs in culture. Furthermore, in vivo experiments suggested that NO-induced CREB downregulation or upregulation is specific for retinal layers in E6 or E8 intact tissue, demonstrating that NO may physiologically regulate Figure 5 NO/cGK modulate CREB phosphorylation in retinal neurons. In a, developmental curve of CREB expression in the chick retina. In b-e, dual regulation of phospho-CREB by NO is cGK-dependent. E6 (black bars in b or c) or E8 (dashed bars in b or black bars in d and e) mixed cultures were treated in C0 with 100 mM SNAP (b-d) or 300 mM SNAP (e), 800 nM KT5823 or 10 mM YC-1 for 24 h. In (c), cultures were processed for western blotting or immunocytochemistry against phospho-CREB. Data represent the mean±S.E.M. (error bars). ***Po0.001 relative to control in b-d, **Po0.01 versus control in e; one-way ANOVA, N ¼ 3. In f and g, NO regulates CREB activation in the in vivo retina. Representative photomicrographs and densitometry of phospho-CREB labeling. Embryos were in ovo-injected with vehicle (sterile water; CT) or 100 mM SNAP in E6 (f) or E8 (g). Eggs were incubated up to E9 (f) or E11 (g). Calibration bar in f and g ¼ 50 mm. Data represent the mean±S.E.M. (error bars). **Po0.01 in relation to control in f and g; t-test, N ¼ 6 developmental cell death or survival in the retina via a downstream regulation of CREB activity.
We showed that SNAP was highly effective in promoting cell death in E6 cultures and increasing cleaved caspase 3 staining in vivo. Our data suggest that NO acts primarily through the cGMP/sGC/cGKII system to promote retinal cell apoptosis. This fact is interesting since NO decreased cleaved caspase 3 staining and apoptosis in E8 retinas using this same signaling pathway. SNAP-induced neuronal cell loss is a long-term event, which is typical of apoptotic cell death. Based on cell survival data and the proliferation profile of E6 cultured cells, 27 we ruled out unspecific effects of SNAP in the proliferation experiments. Indeed, apoptosis induced by NO appears not to be related to a previous cell cycle arrest of mitotically active neurons since, although SNAP reduced [ 3 H]-thymidine incorporation, DTT prevented its effect but ODQ did not while ODQ, but not DTT, prevented SNAP-mediated cell loss in E6, indicating that NO modulates apoptosis and proliferation through distinct signaling mechanisms. In agreement, previous data suggest that the proliferation of retinal cells is under the control of signaling pathways modulated by S-nitrosylation.
11
It was previously established that cGKI and cGKII are downstream targets of NO signaling in neuronal cells. 16 In Figure 6 Development-dependent retinal CREB activity is mediated by cGKII in vivo. Phospho-CREB and cGKII colocalize in retinal neurons. Cultured purified neurons (a.1) or retinal sections (a.2) were stained against CREB (green (E6) or cyan (E8)) and cGKII (red (E6) or magenta (E8)) and observed in a confocal microscope. Calibration bars ¼ 10 mm in a.1 and 50 mm in a.2. In b and c, NO decreases or increases nuclear CREB activity via cGKII. E6C3 and E8C3 (respectively) mixed retinal cultures were immunostained against pCREB Ser133 and processed for nuclear colocalization with DAPI. In d, cGKII is knocked down in vivo. Lentiviruses coding for cGKII shRNAs or the empty vector pLKO were injected in the air chamber of chicken eggs with E5 embryos and incubated up to E9-E11. Retinas were immunostained for cGKII. Knockdown51.5% in E5-E9 and 78.3% in E8-E11. Calibration bar ¼ 50 mm. In e-k, NO differentially regulates phospho-CREB in retinal layers via cGKII. Lentiviruses coding for cGKII shRNAs were injected (as in d), and then SNAP was administrated at E6 (upper panels) or at E8 (bottom panels). Eggs were incubated for further 3 days (E9 or E11, respectively) and pCREB immunohistochemistry was performed. Calibration bars ¼ 50 mm. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. In k, NO regulates in vivo retinal tissue apoptotic labeling via cGKII. cGKII shRNAs were injected (as above), and then SNAP was administrated at E6 (upper) or at E8 (bottom). addition, cGKII activity has been shown to modulate the trafficking of AMPA receptors and LTP in a cGMP-dependent manner in hippocampal slices. 20 Nonetheless, cGK activation has been shown to promote neuronal cell death in a mouse model of retinitis pigmentosa. 46 We have shown that cGKII precisely controls neuronal survival as a downstream relay for NO in the retina. We have previously demonstrated that cGKs regulate the activation of Src in retinal neurons, a pathway associated with AMPA-induced nerve cell loss. 15 Here, we have demonstrated that the downstream pathway activated by cGKII is critical in determining the fate of developing retinal neurons in both E6 and E8 retinas.
Pharmacological data showed that cGK-induced Src activation in the retina also couples to ERK phosphorylation. 15 Moreover, ERKs are known to modulate the late phase of CREB activation in neuronal cells. 47 We previously demonstrated that neuronal-derived NO increased phospho-CREB in cultured retinal cells in an ERK-dependent manner. 23 On the other hand, nNOS activity has been associated with both glutamate-induced excitotoxicity in cortical neurons 48 and AMPA-induced apoptosis in the retina. 15 We showed that calcium influx, nNOS activity and NO production were high in E6 when compared with E8 retinas. Since nNOS is a calciumdependent enzyme and high NO concentration may acutely promote neuronal damage, 49 these data could explain why NO was neurotoxic in E6 but not in E8 retinas. Dose-response curves of SNAP in E6 and E8 were instructive in demonstrating that NO-dependent regulation of neuronal survival relies on NO amounts in both developmental periods. In such way, increasing NO from elevated to high concentration in E6 (using NO donors or L-Arg) strongly induced neuronal death. In E8, low/moderate NO is protective but high NO (using 150 or 300 mM SNAP) is also neurotoxic, corroborating the idea that the shift of NO action, from protective-to-toxic, is strictly dependent on its concentration in retinal neurons. Similarly, cytotoxic NO content in retinal neurons may also directly contribute to high cGMP accumulation and misbalanced cGKII activation, which leads to the extrusion of AKT from the nucleus and CREB downregulation. Conversely, it would be plausible to assume that low/moderate concentration of NO could promote CREB1 activation in E8 neurons via increased nuclear phospho-AKT accumulation, leading to neuroprotection, in a cGKII-dependent manner. Furthermore, cytotoxic doses of NO, in E6 or even in E8, were also capable of decreasing phospho-CREB in a cGK-dependent manner, indicating that a developmental switch in NO-dependent retinal cell survival may rely in the differential activation of cGKII by different concentrations of NO (high in E6 and low in E8).
CREB has a major role in neuronal survival. 50 Particularly, CREB1 may be involved in neuronal survival and metabolism, 51 including in photoreceptor degeneration. 52 When Ser133 of CREB is phosphorylated, its transcriptional activity is turned on, 53 ,54 but phosphorylation of other residues also modulate CREB-dependent transcription in neurons. 39 It was demonstrated that a decrease in CREB phosphorylation was linked to kainate-induced cell death in the mature retina 55 and adenosine-induced cell death in the developing retina. 27 Furthermore, FGF-induced CREB activation was proposed as a protective mechanism in a paradigm of light-induced photoreceptor degeneration 28 and in NMDA-mediated retinal ganglion cell loss. 56 This evidence supports our findings showing that in E6 retinal neurons, NO/cGKII decreased CREB phosphorylation and shRNA-mediated CREB1 downregulation was directly associated with the degeneration of retinal neurons. On the other hand, anti-apoptotic actions of NO/cGK in R28 retinal cell line was prevented by expressing a dominant-negative CREB protein 57 and we showed here that NO may exert a neuroprotective effect through a cGKIIinduced CREB1 upregulation in E8.
It has been suggested that CREB may function as a network hub acting through multiple events controlling Ser133 phosphorylation. 25 Therefore, it would be reasonable to assume that CREB integrates contextual information from the developing retinal environment. As a direct consequence, pro-survival genes controlled by CREB1 could be upregulated by extracellular clues. An element that directly controls CREB activity and cell survival is the protein kinase AKT. 44, 45 We showed here that NO/cGKII directly influenced nuclear AKT localization in E6 and E8 retinal neurons. Interestingly, NO/cGKII-dependent neuronal death or survival was directly associated with an AKT-regulated CREB activation in the nucleus. In E6 neurons, NO-activated cGKII promotes AKT extrusion from the nucleus and phospho-CREB decrease, whereas in E8, NO/cGKII promotes AKT accumulation within the nucleus to upregulate phospho-CREB. Accordingly, NO/cGKII could inhibit CREB1 to impair the transcription of neuroprotective genes in E6 retinal cells, whereas in the E8 period, NO/cGKII signaling would enhance CREB1 activation to directly promote cell survival (Figure 7p) . Consequently, we consider that populations of retinal Figure 7 NO/cGKII regulate phospho-CREB via nuclear AKT activity. In a and b, cGKII regulates AKT nuclear accumulation in E6 and E8. Mixed cultures (a, E6; b, E8) were transduced with pLKO (CT; empty vector) or cGKII shRNA (sh cGKII). SNAP was administrated from C0 up to C2. AKT nuclear staining was evaluated in a confocal microscope. Calibration bar ¼ 10 mm. Data represent the mean±S.E.M. (error bars). *Po0.05; **Po0.01 in relation to pLKO in a and b; N ¼ 3, t-test. In c, NO/cGKII regulate nuclear AKT in vivo. Lentiviruses coding for pLKO (control) or cGKII shRNA were injected in ovo as in Figure 6d . SNAP was injected form e6 to E9 (left panels) or from E8 to E11 (right panels). The LAS AF software determined nuclear AKT staining. AKT nuclear intensity is shown in a rainbow color-coded map. Calibration bar ¼ 50 mm. Data represent the mean ± S.E.M. (error bars). *Po0.05 in relation to pLKO untreated; # Po0.05 in relation to pLKO þ SNAP; N ¼ 3, one-way ANOVA. In d and e, nuclear AKT regulates CREB activation. E6 (d) and E8 (e) mixed cultures were treated as above. Phospho-CREB immunostaining was evaluated in a confocal microscope. Tricib ¼ triciribine (AKT inhibitor; 500 nM). Calibration bars in d and e ¼ 10 mm. Data represent the mean ± S.E.M. (error bars). *Po0.05 in relation to pLKO in E6 or CT in E8; # Po0.05 versus cGKII shRNA; ## Po0.001 versus SNAP; N ¼ 3, one-way ANOVA. (f and g) AKT regulates NO-induced cell death or survival. Mixed E6 (f) or E8 (g) cultures were treated as above and cell death determined by EthD1 staining. Calibration bars ¼ 10 mm. In h-o, CREB1 regulates NO/cGKII-dependent neuronal death or survival via AKT. CREB1 was knocked down in E6 (h) or E8 (i) mixed cultures using shRNAs. Calibration bars in h and i ¼ 10 mm. CREB1 knockdown enhances cell death in both E6 (j) and E8 (m) mixed cultures. In pLKO (control empty vector) cultures, NO promotes cell death in E6 (k) and enhances cell survival in E8 (n). In E6 cultures, knocked down for CREB1 (l) SNAP cannot increase cell death further while in E8 CREB1 shRNA completely prevents SNAP-mediated cell survival (o). Cell death was assessed by EthD1 labeling. Data represent the mean ± S.E.M. (error bars). *Po0.05 in relation to pLKO (m) or CT (k and n); **Po0.01 in relation to pLKO; N ¼ 3, t-test. In p, hypothetical model describing the signaling pathways triggered by NO in E6 and E8 to regulate retinal cell viability during early retinal development neuronal cells expressing both cGKII and CREB1 could be either positively or negatively selected by exposure to graded NO concentrations during embryonic retinal development.
To the best of our knowledge here we described the first evidence that NO/cGKII/AKT dualistically regulate survival events in the developing vertebrate retina via CREB1 activity. These data may impact on the current view of retinal neurodegenerative disorders with a cGMP/cGK-dependent component. Moreover, pharmacological or genetic targeting of the NO/cGKII pathway could be a feasible strategy to prevent cell loss in degenerative conditions of the embryonic or mature retina. Overall, this view deems that concatenated nNOS, sGC, cGKII, AKT and CREB1 activities have important physiological roles controlling the viability of neurons during retinal development. Antibodies. Primary antibodies: mouse anti-CREB (#9197), mouse antiphospho-CREB Ser133 (#9196), rabbit anti-phospho-CREB Ser133 (#9191) were from Cell Signaling (Danvers, MA, USA) and their specificity for chick CREB has been described previously 23, 27 ; rabbit anti-cGKII (ab110124) was from Abcam (Cambridge, MA, USA), rabbit anti-phospho-AKT Ser473 (#9271) was from Cell Signaling and the specificity of both antibodies in the chick was previously determined 22 ; rabbit anti-phospho-nNOS Ser1417 (07-544) was from Millipore (Merck/Millipore) and its specificity was previously determined. 15 Antibody labeling in chick retinal cells was re-validated (Supplementary Figure 1) . Rabbit anticleaved caspase 3 was a kind gift from Dr. Ana LM Ventura and its specificity in the chick retina was described elsewhere. 58 Primary retinal cultures. Purified neuronal cultures and drug exposure were carried out as described previously. 27 In brief, E6 or E8 chick retinas were dissected, suspended in calcium and magnesium-free Hank's buffer balanced salt solution (HBSS) and trypsinized at 37 1C for 9 min. Retinal tissue was mechanically dissociated using a fire-polished Pasteur pipette, suspended in medium 199 (containing 2.5% (v/v) FBS, supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine) and seeded onto 40 mm or 12-well plastic culture dishes pre-treated for 2 h with poly-L-ornithine (50 mg/ml). Cells were diluted to 832 cells/mm 2 . Cultures were incubated at 37 1C in an atmosphere of 5% CO 2 /95% air. Cell composition and characterization in E6 and E8 purified cultures has been described previously. 31 In E6 cultures, the cell composition was 25-30% neurons (amacrine-like cells) to 75-80% cone photoreceptors and in E8 20-30% cone photoreceptors to 70-80% amacrine like-cells. 31 Counting of viable cells was performed as previously described. 27 Cells in vitro for 2 h (C0) or 24 h (C1) were treated with different drugs at the indicated concentrations. Purified cultures were used in cell counting, AO/EB exclusion, thymidine incorporation and DAF-FM-DA experiments.
Mixed primary cultures of retinal cells were prepared as previously described. 15, 23, 27 E6 or E8 chick embryo retinas were suspended in calcium and magnesium-free HBSS and digested with 0.1% trypsin (w/v) for 17 min at 37 1C. Cells were suspended in MEM (supplemented with 3% FBS (v/v), 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine), dissociated using a Pasteur pipette, and seeded onto 24-or 12-well culture plastic dishes in a density of 2 Â 10 5 cells/mm 2 . Cells were maintained at 37 1C in a humidified incubator with 5% CO 2 , 95% air. Cellular composition and cell characterization in these cultures showed that 80-85% were neurons and 15-20% were glial cells with a Müller cell phenotype.
14 Experiments with lentiviruses shRNAs in vitro were all carried out in mixed cultures since lentiviral infection used here was highly toxic to purified neurons for long incubation periods. For western blotting, EthD1 and MTT data mixed cells were also used.
Lentiviruses production and retinal culture infection. Low passage HEK293T cells were seeded in 90 mm culture dishes. When cultures reached B80% confluence cells were co-transfected overnight with virusesproducing plasmids using Lipofectamine2000 (Invitrogen, Life Technology) according to the manufacturer's instructions. Transfection ratios were as follows: 6 mg of shRNA plasmids to 3 mg of psPAX2 to 3 mg of VSVG (2 : 1 : 1). The next day, normal growth media replaced transfection media and cells were cultivated for an additional 48 h. Next, media with viral particles were collected, centrifuged at 1500 r.p.m. for 5 min, and the supernatant was collected into new tubes. Cultured retinal cells were infected with viral supernatants at C0 (2 h after culturing) overnight. At C1 (24 h after culturing), normal growth media replaced infection media and cells were cultivated up to C4.
Detection of retinal cell death with fluorescent dyes. E6 and E8 purified neuronal cultures were cultivated on coverslips pretreated overnight with poly-L-ornithine (50 mg/ml). At C4, cultures were treated with a solution of 1 : 2 AO (50 ng/ml) and 1 : 2 EB (50 ng/ml) directly in the culture medium for 30 s. Then, coverslips were quickly mounted and visualized under a Nikon inverted fluorescence microscope (Tokyo, Japan) at 460 and 580 nm wavelengths, with cultured cells still alive. Photomicrographs were obtained from 10 randomly chosen coverslip fields per experimental group. Cell death index was calculated by the fraction of cells with condensed nuclei, labeled with EB, divided by the total number of cells in each field, labeled with AO.
In the case of EthD1 labeling, cells were washed 2 Â with HANK's and incubated with a solution of EthD1 (1 : 2000) in HANK's for 30 min. Then cells were fixed with 1% paraformaldehyde, coverslips were mounted in DAKO glycergel and visualized in a Leica TCS SP5 II confocal microscope (Leica Microsystems, Wetzlar, Germany). Cell viability was evaluated by counting the number of EthD1-positive cells in six different microscope fields per experimental group. Experiments were always run in duplicate.
MTT viability assay. E6 or E8 mixed cultures were incubated with MTT for 4 h at 37 1C and washed twice in Hank's solution. Cultures were next incubated with SNAP (100 mM) for 96 h. The dye produced by viable cells was quickly dissolved in acid/alcohol solution (0.6% (v/v) chloridric acid in isopropanol) and the optical density was measured at 570 nm.
Calcium-45 influx in retinal neurons. Cultured retinal neurons (either E6C1 or E8C1) were incubated with 1 mCi [ 45 Ca 2 þ ] radionuclide in HBSS for 2 min at 37 1C. Next, cells were quickly washed with HBSS and lysed with water. Radioactivity in cell lysates was determined in a liquid scintillation counter. CPM normalization was performed by an estimate of mean neuronal cells in each condition and was represented as CPM per cell number.
[ 3 H]-thymidine incorporation was performed as previously described. 27 Western blotting. For detection of the phosphorylation level of the indicated proteins, cultures were washed in HBBS, scraped off from culture dishes using 50-100 ml of RIPA buffer with protease inhibitor cocktail and the material was sonicated and protein content was determined by the BCA method. Samples were submitted to 9% SDS-PAGE, the proteins (45 mg/lane) were transferred to PVDF membranes, which were next incubated overnight with specific antibodies (rabbit anti-cGKII (1 : 500), rabbit anti-phospho-CREB Ser133 (1 : 2000), mouse anti-CREB (1 : 1000), rabbit anti-phospho-nNOS Ser1417 (1 : 500) and rabbit anti-beta-tubulin (1 : 100 000)). Subsequently, membranes were washed in TBS buffer (20 mM Tris; 200 mM NaCl), pH 7.6, incubated with peroxidaseconjugated secondary antibody and developed using an ECL chemiluminescence kit. Images were acquired in a ChemiDoc XRS þ System (Bio-Rad, Hercules, CA, USA), exported using Image Lab software (Bio-Rad) and quantified by FIJI software (National Institute of Health, Bethesda, MD, USA).
Immunocytochemistry and colocalization data. Coverslips with 1% (w/v) paraformaldehyde-fixed retinal neuronal cultures were washed 2 Â 5 min in PBS and incubated for 1 h with blocking solution (5% BSA (w/v), 5% FBS (v/v) and 0.1% Triton X-100 (v/v) in PBS). Next, primary antibodies were added, and the coverslips were maintained in a humidified chamber for 2 h (rabbit or mouse anti-phospho-CREB Ser133 1 : 100; rabbit anti-cGKII 1 : 50). Afterward, coverslips were washed 3 Â 10 min with PBS and incubated with secondary antibodies (anti-rabbit Alexa 568 or anti-mouse Alexa 488 and anti-mouse Alexa 594 all in 1 : 200 dilution) for 2 h. Next, coverslips were washed 3 Â 10 min with PBS, incubated for 1 min with a solution of 1 mg/ml DAPI and rinsed twice in PBS. Then coverslips were mounted with DAKO glycergel and visualized in a Leica TCS SP5 II confocal microscope. Quantification of the fluorescence intensity in experimental groups was determined using the LAS AF software (Leica Microsystems). Images were acquired using a HCX Plan Apo 63x/1.4-0.6 NA oil immersion objective in 16-bit sequential mode using bidirectional TCS mode at 100 Hz and the pinhole was kept at 1 airy. The LAS AF software processed images using thresholded background ( þ 30% offset for both channels) and thresholded foreground ( þ 20-35% offset for DAPI channel and þ 12-28% offset for phospho-CREB or phospho-AKT channel). Values corresponding to phospho-CREB/DAPI or phospho-AKT/DAPI pixels colocalization puncta were developed by LAS AF software and statistically evaluated by the Prism software (La Jolla, CA, USA).
Intact retina experiments and NO quantification by DAF-FM-DA labeling. E6 or E8 embryos had their retinas dissected at 4 1C and equilibrated in HBSS for 20 min at 37 1C. Next, the intact retinas were incubated with DAF-FM-DA (5 mM) in HBSS for 1 h in the dark. The retinas were then washed 2 Â with HBSS and fixed with 4% paraformaldehyde for 1 h. Afterward, retinas were flatmounted and visualized under a Leica TCS SP5 II confocal microscope. DAF-FM-DA quantification was determined using the LAS AF software (Leica Microsystems). DAF assay in purified E6 or E8 cultures were performed as previously described.
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In vivo experiments and tissue preparation. Lentiviruses carrying cGKII shRNAs or the empty vector pLKO (control) were injected in eggs with 5-day-old chicken embryos at the eggs' air chamber (150 ml of lentivirusescontaining medium per egg) and incubated for the appropriate time for experiments. Next, E6 or E8 chicken eggs were injected with 60 ml of SNAP (100 mM) in sterile water. The egg volume was approximately 60 ml and so the estimated concentration of SNAP in the retina was approximately 100 mM. Embryos injected at E6 and E8 were returned to the incubator until being killed 3 days later (at E9 or E11, respectively). Vehicle groups were obtained using eggs injected with 60 ml of sterile water. Immediately after killing, retinas were dissected in ice-cold CMF (for western blotting) or fixed in 4% paraformaldehyde (for immunohistochemistry).
Immunohistochemistry. Eyes cup were fixed by immersion in 4% paraformaldehyde in 0.16 M phosphate buffer (PB), pH 7.2, for 1 h. The tissue was rinsed with PB and then cryoprotected using a two-sucrose gradient in a row (15 and 30%). After 24 h, retinas were mounted in OCT embedding medium, frozen and cryosectioned. Sections perpendicular to the vitreal surface (12 mm) were collected on gelatinized slides. Sections of the tissue from control and from different treatment conditions were collected on the same glass slide. The slides were stored at À 20 1C until processed for TUNEL, rabbit anti-phospho-CREB (1 : 100), mouse anti-CREB (1 : 100), rabbit anti-cGKII (1 : 100) and rabbit anticleaved caspase-3 (1 : 50) immunohistochemistry. Next, retinas were washed 3 Â 10 min with PBS and incubated for 1 h with blocking solution (3% bovine serum albumin, 3% FBS and 1% Triton X-100 in PBS). Primary antibodies were incubated and the material maintained in a humidified chamber overnight. In the next day, retinal sections were washed 3 Â 10 min with PBS and secondary antibodies (1 : 300 anti-rabbit Alexa568 or Alexa488 and 1 : 300 anti-mouse Alexa 594) were incubated for 2 h. After that, cells were washed 3 Â 10 min with PBS, 1 Â 10 min with TBS, incubated for 40 s with a solution of 1 : 1000 diamidino-2-phenylindole and rinsed twice in TBS. Slides were cover slipped using DAKO glycergel and visualized under a Leica TCS SP5 II confocal microscope. Images were processed and quantified using the LAS AF software (Leica Microsystems). In the in vivo data, phospho-CREB, and phospho-AKT intensity or cells positive for cleaved caspase 3 were corrected as a function of retinal area in mm 2 .
Statistical analysis. Data are represented as the mean ± S.E.M. in all histograms. Statistical significance was evaluated in the non-normalized (%) data by unpaired Student's t-test or one-way ANOVA followed by the Bonferroni posttest, using Graph Pad Prism 5.0 software (La Jolla, CA, USA) for Mac.
